Structural collapse: the sources and effects of volcano flank instability, a cas study from the Canary Islands by Walter, Thomas R.
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1 Dikes are thought to propagate as magmatic pressure-driven, liquid-filled fractures. They are thus orientated perpendicular to the main extensional 
stress direction. Analyzing dike arrangements therefore allows to infer the paleostress environment of the time of emplacement. If the magmatic 
pressure does not exceed strength criteria of the rocks, the tendency to intrude existing planes of weakness is enhanced. 
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Z$447,400%
"-$4#%
3)5/,@%
;"3/"*%
+#"+.0%
3/"54$4#
?7/+"*%
@#"14,%
3/"54$4#
Z910/34,+4%
"7/+"*%
@#"14,%
M),+4,$#/+%
74#/784#"*%
-"9*$%
3/"54$4#%
M),+4,$#/+%
74#/784#"*%
-"9*$%*4,@$8
;/,@%-"9*$%
3/"54$4#%
Z910/34,+4%
#/,@%-"9*$% ;45"#.0%
% Q+5R% QfR% QfR% Q+5R% Q+5R% Q+5R% Q+5R% QfR% Q+5R% Q+5R% %
U)5/,@%",3%4N"+9"$/),%4P74#/54,$0%O/$8%$O)%+2+*40%)-%#409#@4,+4%",3%O/$83#"O"*%
CP7FIi2.*F% `% a% IK% Ia% ^% a<`% II% Ia% FK% a<]% bZ%!E%
CP7FIi2.*I% `% a% H]% I^% \% F% IK% \% FK% F<H% bZ%!E%
CP7FIi2.*H% `% a% Ha% Ha% FF% F<`% IK% H% F\% I% !E%
CP7FHi2.*F% `% Fa% Ha% IH% ]% a<H% IH% FI% FK% a<Hja<H% bZ%!E%
CP7FHi2.*I% `% Fa% Ha% I]% K% F<J% IJ% K% F\% FbZja<H% !E%
CP7FHi2.*H% `% Fa% H`% IK% Fa% F<`% IJ% ^% F\% I% !E%
CP7FJi2.*F% `% Ia% H`GJa% Ia% ^% F<`% II% Fa% FK% a<K% !E%
CP7FJi2.*I% `% Ia% Ja% IJ% FF% F<`% IJ% ]% F\% F<K% !E%
CP7FJi2.*H% `% Ia% Ja% I`% +"<FI% F<`GI% IJ% H% F\<`% I<H% !E%
CP7F`i2.*F% `% Ha% JJ% F\% K% F<I% Ia<`% ^% F]% a<H% bZ%!E%
CP7F`i2.*I% `% Ha% J`% Ia% Fa% F<`% IF% ]% F^% a<H% !E%
CP7F`i2.*H% `% Ha% JK% IH% FH% F<K% IH% `% F^% a<]% !E%
CP7Ji2.*F% ^% Fa% Ha% II% ^% a<`% IJ% F`% F^% a<`% bZ%
CP7Ji2.*I% ^% Fa% H`% IH% K% F% I`% K% FK% F% !E%
CP7Ji2.*H% ^% Fa% Ja% I]% ,<3<% ,<3<% I^% `% Ia% F<I% !E%
CP7`i2.*F% ^% a% Ia% Ia% `% a<`% II% F`% F]% a<H% bZ%
CP7`i2.*I% ^% a% Ha% I]% ^% F% IJ% `% F^cF\% a<^% !E%
CP7`i2.*H% ^% a% Ha% IK% \% I% I^% J% F^<`% I% !E%
CP7F]i2.*F% \% a% I^% IF% ^% F<K% II<`% F\% FJ% a<]% 6/@<%^%
CP7F]i2.*I% \% a% IK% I`% FI% F<`% I^% Fa% F]% F<K% !E%
CP7F]i2.*H% \% a% IK% Ha% F`% F% I\% ]% Ia% I% !E%
CP7F^i2.*F% \% `% IK% Ia<K% ]<`% F<]% II% F]% FJ<]% a<^% 6/@<%^%
CP7FKi2.*F% \% Fa% Ha% F\<K% ]% I% IH% FJ% FJ<]% a<`% 6/@<%^%
CP7F\i2.*F% \% F`% HJ% F\<`% ^<`% F<K% IF% Fa% FJ<K% a<]% 6/@<%^%
CP7F\i2.*I% \% F`% H`% II% \% F<H% I`% ^% F`<`% a<\% !E%
CP7F\i2.*H% \% F`% HH% IK% Fa% F% I\% ]% F^<H% F<H% !E%
CP7Iai2.*F% \% Ia% H`% F\<`% ^% I<I% Ia<`% \% F`<H% a<]% 6/@<%^%
CP7IFi2.*F% \% I`% H\% F\<H% ^<`% F<\% Ia<H% K<`% F`<]% a<^% 6/@<%^%
CP7IIi2.*F% \% Ha% JJ% FK<`% K% I% Ia% ^% F]% a<]% 6/@<%^%
CP7IIi2.*I% \% Ha% `a% I^% \% I<H% I\% \% IF% a<^% !E%
CP7IIi2.*H% \% Ha% H^% Ha% FI% I<`% I\% ]% II% F<I% !E%
CP7Ii2.*F% FF% Ha% Ja% HH% ^% ,<3<% HJ% K% F^% a<K% %
CP7Ii2.*I% FF% Ha% J`% H`% ,<3<% ,<3<% HJ% K% IF% I<I% !E%
CP7Ii2.*H% FF% Ha% `a% HJ% ,<3<% ,<3<% HJ% K% IH% I<`% !E%
CP7Fi2.*F% FF<`% H`% Ja% Ha% ,<3<% ,<3<% FK% FI% F^% F<`% bZ%
CP7Fi2.*I% FF<`% H`% ]a% H]% ,<3<% ,<3<% I\% `% IF% J% !E%
CP7Fi2.*H% FF<`% H`% ]a% H]% ,<3<% ,<3<% HH% `% I`% J% !E%
!9#4%4N"+9"$/),%4P74#/54,$0%
k6l%CP7IH% `% a% ,<3<% ,<3<% ,<3<% ,<3<% IJ<H% ,<3<% F^<J% a<J% 6/@<%J%
kZl%CP7IJ% `% a% ,<3<% ,<3<% ,<3<% ,<3<% II% ,<3<% F\% I% [X%
k6l%CP7I^% ^% a% ,<3<% ,<3<% ,<3<% ,<3<% IH% ,<3<% F^<I% a<J% 6/@<%J%
kZl%CP7IK% ^% a% ,<3<% ,<3<% ,<3<% ,<3<% II% ,<3<% F]<`% a<^% [X%
k6l%CP7Ha% \% a% ,<3<% ,<3<% ,<3<% ,<3<% Ia<`% ,<3<% FJ% a<]% 6/@<%J%
kZl%CP7HF% \% a% ,<3<% ,<3<% ,<3<% ,<3<% Ia% ,<3<% FJ% a<\% [X%
kZl%CP7HH% FF% a% ,<3<% ,<3<% ,<3<% ,<3<% FK<`% ,<3<% FH% F% [X%
k6l%CP7HJ% FF% a% ,<3<% ,<3<% ,<3<% ,<3<% F^<K% ,<3<% FH<^% a<^% 6/@<%J%
k6l%CP7H]% FH% a% ,<3<% ,<3<% ,<3<% ,<3<% FJ<`% ,<3<% FI<`% a<^% 6/@<%J%
kZl%CP7H^% FH% a% ,<3<% ,<3<% ,<3<% ,<3<% F`% ,<3<% FH<H% F<]ja<I% bZ%
k6l%CP7HK% F`% a% ,<3<% ,<3<% ,<3<% ,<3<% FI% ,<3<% Fa% I% !%
kZl%CP7Ja% F`% a% ,<3<% ,<3<% ,<3<% ,<3<% ,<3<% ,<3<% \<`% I% !%
%
'()*+%&$!?%,%6*%7!%#$%&'(%)*-!+)7!(%+-/&%7!2%3(%*&'6!-*&/6*/&%-9!83&!@A.6(!:+,,33)!7'+(%*%&>!B3,/()!@!'-!
*1%! (37%,! 7%-6&'$*'3)! +)7! '7%)*'8'%-! *1%! %#$%&'(%)*! <%>2>! "#$C=! +)7! *1%! 646,%! 38! &%-/&2%)6%! <D4E,@.F=>! G!
"#$%&'(%)*-! ')! 8,3/&9! ?! -+)7H! '8! )3*! -$%6'8'%7! %+61! %#$%&'(%)*! 5+-! (37%,,%7! *5'6%! /-')2! :3*1! (+*%&'+,-!
+I%&+2%!I+,/%->!B3,/()-!J.@@!$&%-%)*!*1%!(%+-/&%7!(+#'(+,!7'-*&':/*'3)!38!-*&/6*/&%->!B3,/()!@J!-/((+.
&'-%-!*4$%-!38!-/:-'7%)6%!<K?!13&-%-13%!-1+$%7H!LM!:%)61.,'E%H!N!$'-*3)H!NO!$'%6%(%+,=>!)>7>!P3*!7%8')%7!
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39+43%",3%74#-)#543%-)#%1)$8%","*)@94%5"$4#/"*0<%
(
?4'&(2+,-.@(
?%7*"$4"9%09#-"+4%O"0%"##",@43% /,%047"#"$4%4P74#/54,$"*%04$G970%"$%`>%^>%\>%FF>%FH%",3%
F`%+5% "1)N4% $84% 1"**)),<%m7),% 1"**)),% /,-*"$/),>% $84% 09#-"+4% -#"+$9#43% -)#5/,@% #"3/"*%
+#"+.0% $8"$% 7#)7"@"$43% )9$O"#30% -#)5% "% +4,$#"*% 7)*2@),"*% 1*)+.% Q6/@<%IR<% :84% #"3/"*%
-#"+$9#40% 7#)7"@"$43% 74#74,3/+9*"#*2% $)% $84% *4"0$% 7#/,+/7"*% +)57#400/N4% 0$#400% H% ",3%
7"#"**4*% $)% $84%5"P/595%7#/,+/7"*%+)57#400/N4% 0$#400% F>%O/$8%3/07*"+454,$0%"77#)P/G
5"$4*2%,)#5"*%$)%$84%-#"+$9#4%09#-"+4%Q5)34G&%-#"+$9#40R<%&,3474,34,$%)-%$84%4P74#/54,$"*%
@4)54$#/40% ",3% ","*)@94% 5"$4#/"*>% +),+4,$#/+% #4N4#04% Q$8#90$R% -"9*$0% -)#543% 091G
74#74,3/+9*"#%$)%$84%)74,/,@%#"3/"*%+#"+.0>%#409*$/,@%/,%"%5)#78)*)@/+"*%Y0G08"743Y%-*",.%
34-)#5"$/),%Q6/@<%IR<%%
Inflation of a reservoir beneath a plateau
Inflation of a reservoir beneath a cone
Pure doming
16 cm
10 cm
Initial stage
10˚
16 cm
12 cm
Initial stage
R - Radial fault
A - Apical block
B - Balloon outline
A
B R
A
B
R
flattening
Surface deformation:
steepeningsteepeningtopo
model diameter
's'
%
!"#$%,$! N13*32&+$1-! 38! 73(')2!
%#$%&'(%)*-! ')! 8,3/&! *+E%)! 8&3(! *1%!
*3$!+)7! -E%*61!38! ')'*'+,! %#$%&'(%)*+,!
63)7'*'3)->! Q)-%*! ,35%&! &'21*! 3/*,')%-!
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%
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",3%+#40+4,$/+%1*)+.0%0*95743%",3%$/*$43%-#)5%$84%)9$4#%9,3/0$9#143%O"**%/,$)%$84%1"0/,%
"*),@% "% 04$% )-% /,$4#+),,4+$43% ",$/$84$/+% */0$#/+% -"9*$0<% 6"/*9#4% )-% 8",@/,@GO"**% 1*)+.0%
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%
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Sand: C=63Pa, j=35˚, r=1.3g/cm³
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Sand/flour-mix, C=480Pa, j=38˚, r=1.7g/cm³
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Profile D
Profile B
Profile A
Profile C
n=90
D=18
F=72
F > D
n=164
D=63
F=101
F > D
n=149
D=117
F=32
D > F
n=44
D=33
F=11
D > F
n=33
max. dens.=18.97 (at 96/ 0)
n=11
max. dens.=15.11 (at 90/ 0)
n=33; 36 classes
l.p.: 8.00 Values, 24% of all 
n=117
max. dens.=12.67 (at 96/ 0)
n=18
max. dens.=10.94 (at 90/ 0)
n=63
max. dens.=11.84 (at 72/ 0)
n=63; 36 classes
l.p.: 8.00 Values, 12% of all 
n=18; 30 classes
l.p: 4.00 Values, 22% of all 
n=117; 36 classes
l.p.: 24.00 Values, 20% of all 
n=101
max. dens.=8.12 (at 120/ 9)
n=72
max. dens.=8.81 (at 13/ 9)
n=32
max. dens.=9.96 (at 113/ 9)
n=101; 36 classes
l.p.: 12.00 Values, 11% of all 
n=72; 36 classes
l.p.: 9.00 Values, 12% of all 
n=32; 30 classes
l.p.: 5.00 Values, 15% of all values
n=11; 30 classes
l.p.: 3 Values, 27% of all values
Dike data plotted as poles
to planes
(Contouring 10 Bins)
Fracture data plotted as 
poles to planes
(Contouring 10 Bins)
Rose diagram 
Bi-directional
(l.p. - largest petal)
Rose diagram 
Bi-directional
(l.p. - largest petal)
Dikes          Fractures
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N N N N
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Profile G
Profile F
Profile E
Profile H
Profile I
n=54
D=39
F=15
D > F
n=36
D=22
F=14
D > F
n=41
D=29
F=12
D > F
n=129
D=96
F=33
D > F
n=84
D=64
F=20
D > F
n=96
max. dens.=10.93 (at 30/ 0)
n=29
max. dens.=12.72 (at 48/ 0)
n=39
max. dens.=15.95 (at 24/ 0)
n=22
max. dens.=11.04 (at 36/ 0)
n=15
max. dens.=14.68 (at 18/ 0)
n=14
max. dens.=14.74 (at 19/ 0)
n=12
max. dens.=16.23 (at 78/ 0)
n=33
max. dens.=11.97 (at 90/ 0)
n=64
max. dens.=11.19 (at 30/ 0)
n=20
max. dens.=12.69 (at 36/ 0)
n=39; 36 classes
l.p.: 7 Values, 17% of all 
n=32; 30 classes
l.p.: 3 Values, 13% of all 
n=29; 30 classes
l.p: 5 Values, 17% of all 
n=15; 30 classes
l.p.: 4 Values, 26% of all 
n=14; 30 classes
l.p.: 3 Values, 21% of all 
n=12; 30 classes
l.p.: 3 Values, 25% of all 
n=33; 36 classes
l.p.: 4 Values, 12% of all values
n=96; 36 classes
l.p.: 11 Values, 11% of all 
n=64; 30 classes
l.p.: 10 Values, 15% of all 
n=20; 30 classes
l.p.: 4 Values, 20% of all 
N N
NN
N N N N
NN
N N
NNNN
NNNN
Dike data plotted as poles
to planes
(Contouring 10 Bins)
Fracture data plotted as 
poles to planes
(Contouring 10 Bins)
Rose diagram 
Bi-directional
(l.p. - largest petal)
Rose diagram 
Bi-directional
(l.p. - largest petal)
Dikes          Fractures
$
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Carrizales
Collapse
El Palmar Formation
Carrizales Formation
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%
A B C
S
IP
M
Ih
h
R
Axis of 
symmetry
IP
2
h2
R2
Initial cone Spreading - stable condition
IP
h3
R3
Spreading - unstable condition
M M
Lubricant
3
%
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)
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"Y/0%"<7*/-/43>%:;/0%<"2%14%+),0/34#43%","*)8)50%$)%R)*+",)40A%U;/+;%34-)#<%4*"0$/+"**2%
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04+$)#>% C"#34,43% 84*"$/,4% +),40% U4#4% 7*"+43% ),% $;/0% 1"04A% *)+"$43% 7"#$/"**2% ),% ;/8;D
-#/+$/),%05#-"+4%",3%7"#$/"**2%"1)R4%$;4%0*/774#2%3h+)**4<4,$%04+$)#>%:;4%#405*$/,8%0$#400%
-/4*3%d5"*/$"$/R4*2% /</$"$40% "%R)*+",)% $;"$%7"#$/"**2%34-)#<0%"1)R4%"%<4+;",/+"**2%U4".%
0510$#"$5<>%?4%#474"$43%$;404%4Y74#/<4,$0%",3%020$4<"$/+"**2%R"#/43%0/$4%",3%0/T4%)-%$;4%
5,0$"1*4%04+$)#%",3A%"8"/,A%$;4%7)/,$%)-%/,X4+$/),>%("#/)50%8#)570%)-%Z3/.4[%3/#4+$/),0%U4%
)104#R43%),%/,X4+$/),>%_/#0$A%U4%0$53/43%$;4%/<7)#$",+4%)-%$;4%-*",.D+#447%3/#4+$/),>%?4%
7*"+43%$;4%84*"$/,4D+),4%/,%05+;%"%U"2%$;"$%/$0%0)5$;4#,%-*",.%8*/340%0)5$;U"#3%V,)%HD?D
4++4,$#/+/$2W>%&,%)$;4#%U)#30A%$;4%,)#$;D0)5$;%"Y/0%-)#<0%$;4%"Y/0%)-%02<<4$#2%)-%/,$#5343%
3/.40%/,%7*",DR/4U>%_#"+$5#40%-)#<43%),%/,X4+$/),%$;"$%U4#4%0/</*"#*2%)#/4,$43%),%$;4%4"0$%
",3% ),%U40$% 7"#$% )-% $;4% R)*+",)% V_/8>% cKD@A% c\D@A% c6D@W>%C)U4R4#A% /-%U4% +;",843% $;4%
+#447% 3/#4+$/),% )-% $;4% 04+$)#% $)U"#30% 0*/8;$% 4++4,$#/+/$2A% 1"0/+"**2% 5,4R4,% -#"+$5#40%
-)#<43%),%$;4%U40$%",3%$;4%4"0$%0/340%)-%$;4%+),4%V4>8>%_/8>%cKDMQ%c6DMW>%&,%$;/0%+"04A%"%
*51#/+"$43%0)5$;4#,% 04+$)#% 0*/77/,8% $)% $;4%0)5$;U40$%4,-)#+43% $;4%7#/,+/7"*%",3% *),840$%
-#"+$5#40%$)%-)#<%/,$)%$;4%0)5$;4"0$4#,%04+$)#%)-%$;4%+),4>%J)#4)R4#A%$;4%*)+"$/),%)-%$;4%
/,X4+$/),%7)/,$% #4*"$/R4% $)% $;4%+),4%",3% /$0%5,0$"1*4%04+$)#% *"#84*2% /,-*54,+40% $;4%"1)R4%
#4*"$/),0'%%
#E( Y([.0&'#() '(&#) &4.) 5&$:-.) 5.0&#") )-% "% 7"#$*2% *51#/+"$43% +),4% +"5043% 0*/8;$*2% +5#R43%
-#"+$5#40A% 0$#/./,8% <"/,*2% $",84,$/"*% $)% $;4% 0)5$;U"#3% +#447/,8% 04+$)#% V_/8>% cKW>% :;4%
-#"+$5#40%U4#4% $;50%<"/,*2%)#/4,$"$43%4"0$9U40$>%?/$;%-5#$;4#%)5$U"#3%7#)7"8"$/),A% $;4%
-#"+$5#40%$5#,43%74#74,3/+5*"#% $)%$;4%+),40%74#/<4$4#>%:;/0%$4,34,+2%)-%#4+),-/85#"$/),%
/,$)%"%#"3/"*%3/#4+$/),%/,+#4"043%U/$;%3/0$",+4%$)%$;4%*51#/+"$43%7"#$%)-%$;4%R)*+",)%",3%
U/$;% /,+#4"0/,8%3/0$",+4% $)% $;4%R)*+",)%</37)/,$>%:;4%8#4"$4#% $;4%3/0$",+4%)-% /,X4+$/),%
-#)<%$;4%5,0$"1*4%04+$)#A%$;4%*"#84#%,5<14#%)-%#"3/"*%$#4,30%U4#4%)104#R43>%
5E( Y([.0&'#() '(&#) &4.) 0"..!'(%) 5.0&#"% )-% $;4% +),4% "*0)% 7#)35+43% -#"+$5#4% )#/4,$"$/),0%
0$#),8*2%"3X50$43%354%$)%$;4%0/T4%",3%3/#4+$/),%)-%04+$)#%+#447>%?;4,%$;4%5,0$"1*4%04+$)#%
U"0% +4,$4#43% U/$;% 0)5$;U"#3% 04+$)#D+#447% 3/#4+$/),A% 0*/8;$*2% +5#R43% -#"+$5#40% -)#<43%
,)#$;D0)5$;A%"0%U4**%"0% 04+$)#D$",84,$/"**2% V4"0$DU40$W>%:;404%3/.4%3/#4+$/),0%R"#/43%U/$;%
/,+#4"0/,8% +#447% /,-*54,+4'% U;4,% @ab% )-% $;4% +),4% +#4470% 0)5$;U"#3A% $;4% <"/,% 3/.4%
3/#4+$/),% /0% ,)#$;D0)5$;A% ),*2% /,-*54,+43% R4#2% +*)04% $)% $;4% 5,0$"1*4% -*",.>%?;4,%<)#4%
$;",%lBab%)-%$;4%+),4g0%1"04%U"0%),%"%U4".%0510$#"$5<A%$;#44%<"/,%"Y40%-)#<43'%),4%
/,$)%jDF%3/#4+$/),A%$U)%"Y40%U/$;%0$#),8%$",84,$/"*%/,-*54,+4A%+5#R/,8%"#)5,3%$;4%+#447D
/,8i,),D+#447/,8%/,$4#-"+4%V_/8>%c\W>%K**%<"/,%"Y40%U4#4%#40$#/+$43%$)%$;4%5,0$"1*4%0)5$;D
4#,%;"*-%;4</07;4#4>%:)%$;4%,)#$;%"%<)#4%3/--504%#"3/"*%$#4,3%-)#<43>%:;4%<"/,%3/#4+$/),%
)-% $;/0% 3/--504% 0U"#<% </8#"$40% U/$;% <)#4% 4++4,$#/+% +#447% 3/#4+$/),0% )-% $;4% 5,0$"1*4%
04+$)#>% F*/8;$% 4++4,$#/+/$2% )-% $;4%1"0"*% *51#/+",$% $)% $;4% 0)5$;U40$% #405*$43% /,% $;4%<"X)#%
0)5$;4"0$D,)#$;U40$%-#"+$5#4%3/#4+$/),%V/,%","*)82%4++4,$#/+/$2%$)%$;4%0)5$;4"0$%#405*$43%/,%
<"X)#%0)5$;U40$D,)#$;4"0$%-#"+$5#40W>%%
0E( Y([.0&'#()/'".0&-;)$:#9.)&4.)'(&.",$0.%)-%$;4%+#447/,8%04+$)#%+"5043%-#"+$5#40%/,%$;#44%
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#4*"$/R4%$)%$;4%+#447/,8%04+$)#%",3%/,X4+$/),%7)/,$>%:U)%04+$)#D$",84,$/"*%3/#4+$/),0A%7*50%
"%$;/#3%$#4,3%/,$)%$;4%0$"1*4%+),4%34-/,4%$;404%$;#44%<"/,%$#4,30>%:;4%*)+"$/),%)-%$;4%$;/#3%
3/--504%$#4,3%/0%"%-5,+$/),%)-%$;4%)$;4#%$U)%$",84,$/"*%),40>%?;4,%"%+),4%/0%5,0$"1*4%4>8>%
/,%$;4%F?D%-*",.A%",3%/,X4+$/),%U"0%/,%$;4%5,0$"1*4i0$"1*4%/,$4#-"+4A%$;4%<"/,%$",84,$/"*%
$#4,3%/0%FHA%$;4%04+),3"#2%$",84,$/"*%#/-$%"Y/0%/0%7#)7"8"$/,8%$)%$;4%?A%",3%"%$;/#3%3/--504%
0U"#<%-)#<43%/,$)%$;4%0$"1*4%"#4"%$)%$;4%j?%$)%jH%V_/8>%c6DMW>%:;4%$U)%7#/,+/7"*%3/#4+D
$/),0% V?%",3%FHW%U4#4%$",84,$/"*% $)%$;4%/,$4#-"+4%0$"1*4%i%5,0$"1*4%+),4%1"04A%#4-*4+$/,8%
$;4%"77#)Y/<"$4%0/T4%)-%$;4%*51#/+"$43%04+$)#%14,4"$;>%%%
%
%
!"#$%&'2))?1**$"'3./)$""$(%.*.(&)#,)4;/"#,"$0&1".5=)!"#!$%$&'(%)'()-#0$--;)/.5&$:'-'3./)./','0.5=)'()".-$&'#()
&#) '([.0&'#()!#'(&)$(/).00.(&"'0'&;)#,) $)0"..!'(%)5.0&#")#()$)Q.$M) -$;.") 6-1:"'0$(&8=) ".-$&'9.-;<)+)) Y([.0&'#()
'(&#)5&$:-.)5.0&#"=),))Y([.0&'#()'(&#)0"..!'(%)5.0&#"=)$(/)-))Y([.0&'#()0-#5.)&#)&4.)'(&.",$0.)5&$:-.)])1(5&$:-.)
5.0&#"<)?&.".#!-#&5)'--15&"$&.)&4.)5&$&'5&'0)#"'.(&$&'#()#,),"$0&1".5`).$04)0'"0-.)'()!#-.)!-#&5)".,."5)&#)&4.)/'5&$-)
-#0$-'&;)#,),"$0&1".=)*.$51"./)'()$3'*1&4)$(/)/'5&$(0.),"#*)&4.)!#'(&)#,)'([.0&'#(<)L".\1.(0;+$3'*1&4)6"#5.8)+
/'$%"$*5)15'(%)!#-$")-'(.5=)5.0&#")5'3.)a)BX=)&4.)-.(%&4)#,).$04)"#5.)5.0&#")'5)!"#!#"&'#($-)&#)&4.),".\1.(0;)
#,) #"'.(&$&'#() &4$&) -'.) Q'&4'() &4$&) 5.0&#"5<) _Q#) &;!.5) #,) b$9."$%.) /'".0&'#(5b) $".) ".!#"&./) :;) $) c!".,.""./)
/'".0&'#(cD)$(/)$)9.0&#")*.$(<)
%
:;4%5,0$"1*4%4Y74#/<4,$0%#405*$43%*"#84*2%/,%R"#/"1*4%-#"+$5#4%)#/4,$"$/),0%#4*"$/R4%$)%$;4%
0$"1*4% 4Y74#/<4,$0>% ?4% #48"#3% $;4% $U)% $",84,$/"*% #/-$0% "0% "% ,),D+)**/,4"#% )#% 0$#),8*2%
+5#R43%#/-$%T),4>%K++)#3/,8*2A%04+$)#%+#447%/,-*54,+40%"%+)**/,4"#%#/-$%7"$$4#,%$)%34R4*)7%
/,$)%,),D% +)**/,4"#/$2>%:;4%<"/,%3/.4% Z"3X50$<4,$[%U"0%)104#R43%+*)04% $)% $;4%5,0$"1*4%
04+$)#>% :;4#4A% 3/.40% "#4% ,)% *),84#% #"3/"*% 15$% $",84,$/"*A% 4,+*)0/,8% ",% "#4"% 0)<4U;"$%
0<"**4#%$;",%$;4%*/</$0%)-%$;4%34$"+;<4,$%05#-"+4%14*)U>%
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F1G(?#+<('*.%(#A&/H((
\2%+)5,$/,8%$;4%-#"+$5#4%$#4,30A%U4%84$%"%#)58;%/34"%),%$;4%,5<14#%)-%#/-$%T),40%*/.4*2%$)%
34R4*)7>%K%+)**/,4"#% $#4,3%<4",0% $;"$% $;4% -#"+$5#4%7#)7"8"$43% -#)<% $;4% /,X4+$/),%7)/,$%
V$;4%4#57$/R4%+4,$4#W% /,$)% $U)%)77)0/$4%3/#4+$/),0A% #405*$/,8% /,% $;4% -)#<"$/),%)-%"%0/,8*4%
#/-$%T),4>%K%+)**/,4"#% $#4,3A%;)U4R4#A%<"2%34R4*)7%/,$)%"%,),D+)**/,4"#%)#%4R4,%$#/"Y/"*%
+),-/85#"$/),>%
'
A B
D
E
C
A B
C
120˚
V/2
V/ 360˚
AVB+BVC+CVA=0
BV
C=
V
CV
A
=V
AVB=V
20
60
in %
of experiments
1 2 3 4 5 axis No.
Stable situation
n=40
Unstable - dike at interface 
20
40
1 2 3 4 5 axis No.6
n=78
Unstable - dike in unstable sector
20
60
1 2 3 4 5 axis No.
n=37
Unstable - dike in stable sector
20
60
1 2 3 4 5 axis No.6
n=43
in %
of experiments
in %
of experiments
in %
of experiments
'
!"#$%&'3))K*#1(&)#,) "',&) 3#(.5)$5)$) ,1(0&'#()#,) &#&$-)(1*:.")#,) .7!."'*.(&5) d'()ef<)+)'?&$:-.).7!."'*.(&5)
0$15./)#()5'(%-.)'([.0&'#()*$'(-;)&Q#)"$/'$-),"$0&1".5<),)'g(5&$:-.)5'&1$&'#()".51-&./)+Q4.()'([.0&./)'(&#)&4.)
5&$:-.) 5.0&#"+) '() *$'(-;) F) #") C) .*."%.(&) /'".0&'#(5<) -)'Y([.0&'#() '(&#) &4.) '(&.",$0.) 5&$:-.]1(5&$:-.) 5.0&#")
!"#/10./)'()$!!"#7'*$&.-;)UGe)6(aOB8)'()&"'$7'$-)"',&)3#(.5<)_4.)$(%-.):.&Q..(),"$0&1".)$3'*1&45)Q$5)*#".)
&4$()@GGX<)0)'Y([.0&'#()'(&#)&4.)0"..!'(%)5.0&#")".51-&./)'()*#5&)#,)&4.)0$5.5)'()&Q#)/'9."%.(&-;)!"#!$%$&'(%)
/'M.5<)Y()$8=):8)$(/)/8)&4.)$(%-.):.&Q..()&4.)&Q#)*$'()/'M.)/'".0&'#(5)Q$5)h)@WGX=)51%%.5&'(%)&4$&)'()($&1".)
&4.5.)Q'--)".,-.0&)$)5'(%-.)#")01"9./)"',&)3#(.<)4))Y,)&Q#)"',&5)/.9.-#!)'(&#)$)(#(+0#--'(.$")&".(/=)$)&4'"/)"',&)$"*)
,#"*5)$5)$)".51-&)#,)&4.'")0#*!".55'#(<)i4.()$),-$(M)5&$"&5)&#)0"..!=)&4.)".51-&)Q'--):.)&4$&)&4.)(1*:.")#,)"',&)
3#(.5)04$(%.<)
%
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5,0$"1*4% 04+$)#A% $;#44% 3/#4+$/),0% 34R4*)743A% $U)% )-% $;4<% U4**% 7#),)5,+43% /,% +5#R43%
$",84,$0A% ",3% "% $;/#3% "#<% 3/#4+$43% /,$)% $;4% 0$"1*4% 7"#$% )-% $;4% R)*+",)% V_/8>% ^6W>% :;4%
$#",0/$/),%-#)<%+)**/,4"#/$2%$)U"#30%$U)%#/-$%T),40%V04+$)#%$",84,$/"*W%/0%+),$#)**43%12%$;4%
7#404,+4% ",3% 0/T4% )-% "% +#447/,8% 04+$)#>% :;/0% <4",0% $;"$% U4".% 0510$#"$5<% ",3% 0*)U%
3/07*"+4<4,$%"$%"%3h+)**4<4,$%+"5040%$;4%-)#<"$/),%)-%,),D+)**/,4"#%#/-$0>%
K%$;/#3%#/-$%"#<%34R4*)743%7#43)</,",$*2%U;4,%$;4%*/d5/3%U"0%/,X4+$43%/,%$;4%R/+/,/$2%)-%
$;4% /,$4#-"+4% 0$"1*4i5,0$"1*4%+),4>%:;/0A%<)#4)R4#A% #405*$43% /,%"%0$#),8% $",84,$/"*% V,),D
+)**/,4"#W% $#4,3>% K% $;/#3% "#<A% 34R4*)7/,8% 05104d54,$*2A% +",% 14% $;4% #407),04% )-% $;4%
3/*"$/),%"$%$;4%$",84,$/"*%#/-$0>%J+P4,T/4%",3%!"#.4#%V@]c^W%"77*/43%3/07*"+4<4,$%R4+$)#0%
$)%*/$;)07;4#4%$#/7*4%X5,+$/),0%9%"%<4$;)3%U4**%05/$"1*4%$)%R)*+",)$4+$),/+0'%U;4,%$;#44%
#/-$%T),40%/,%"%R)*+",/+%43/-/+4%"#4%"##",843%02<<4$#/+"**2A%,5+*4"$/,8%/,%"%+4,$#"*%7)/,$A%
/,3/R/35"*%"Y40%"#4%,),D+)**/,4"#>%:;4%",8*4%α% 047"#"$40% $;4% $;#44% 04+$)#0%KA%TA%^) V_/8>%
^HW>% :;404% 04+$)#0% 3/*"$4% U/$;% 3/07*"+4<4,$% R4+$)#0% (% $;"$% "#4% K>T)j)T>^)j)^>K)f%a>%
K++)#3/,8*2A% $;4% R4+$)#% )-% 04+$)#% \% /,% 3/#4+$/),% 6% /0% K>^)k)K>T)a)T>^% >% :;4% +)<<),%
84)<4$#2%)-%$;4%2)5,84#%6","#2%&0*",30%/0%"005<43%$)%;"R4%$;#44D"#<43%#/-$%020$4<0%U/$;%
",8*40%)-%α%q%@Bak%/,D14$U44,%V6"##"+43)%@]]NW>%:;4%R4*)+/$2%)-%3/*"$/),%"+#)00%"%#/-$%/0%
(A% 0)% $;"$% $;4% R4*)+/$2% 74#74,3/+5*"#% $)% ),4% 0/34% )-% $;4% #/-$% /0% >>a>]F>% :U)% )-% 05+;%
R4+$)#0%/,$4#"+$%),%cak%$)%$;4%04+$)#%/,D14$U44,Q%$;4%R4*)+/$2%#4*"$/R4%$)%$;4%-/Y43%,5+*450%
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"#<0%3)%4Y/0$>%K005</,8% $U)% #/-$% T),40% $)% +),R4#84%"$%@Bak%U/$;%;)#/T),$"*%4Y$4,0/),%
#"$40% ),% $;4% )#34#% )-% @aaa%<% 74#% @% </**/),% 24"#A% 8/R4,% 12% 5'(=α]F)a)>&4'"/]>2=) 0)% $;"$)
>&4'"/)a)5'(=α]F)6>]Wl8>%:;4%#405*$/,8%$;/#3%#/-$%3/*"$/),%#"$4%>&4'"/%/0%"0%-"0$%"0%$;4%/,/$/"*%),40>%
6),04d54,$*2A% "% $;/#3% "#<% /0% */.4*2% $)% 34R4*)7% 354% $)% *)+"*% $4,0/),% #405*$/,8% -#)<% $;4%
+)<7#400/),%/,35+43%12%3/*"$/),%)-%$;4%$U)%)$;4#%<"/,%V,),D+)**/,4"#W%#/-$%T),40>%_)#%$;4%
C"U"//",%R)*+",)40A%?"*.4#%V@]]BW%340+#/143%$;"$%$U)%+)**/,4"#%#/-$%T),40%<"2%14+)<4%
,),D+)**/,4"#A% U;4,% "02<<4$#/+% 8#)U$;% )++5#0% 4>8>% 354% $)% 15$$#400/,8% 4--4+$0>% L/.4%
/,X4+$/),%/,$)%05+;%,),D+)**/,4"#%#/-$%T),40%<"2%+"504%4Y$4,0/),%),%$;4%)77)0/$4%0/34%)-%
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:?$2*0#%*1+/(
=/-$%T),40%)++5#%),%<)0$%)+4",/+%R)*+",/+%/0*",30%",3%"#4%+;"#"+$4#/T43%12%34,04%3/.4%
0U"#<0%",3%"%+),+4,$#"$/),%)-%4#57$/R4%+4,$4#0%V_/0.4%",3%`"+.0),%@]^BQ%?"*.4#%@]]BW>%
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AGU 2001 fall meeting: EOS, Transactions of the American Geophysical Union 82(47): 1299 
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